Chapter 3
Amino Acids, Peptides,
and Proteins



1. Proteins are the main
agents of biological function

* The most abundant biological
macromolecules in all cells

« Occur In great diversity with different
properties and activities

« Mediate almost all the biological
processes in a cell

e Constructed from 20 amino acids



Biological function of proteins

« Catalysis:
— hexokinase (in the glycolytic pathway)
— DNA polymerase (in DNA replication)
 Transport:
— hemoglobin (transports O, in the blood)
— lactose permease (transports lactose across cell membrane)
 Structure:
— collagen (connective tissue)
— keratin (hair, nails, feathers, horns)
« Motion:
— myosin (muscle tissue)
— actin (muscle tissue, cell motility)



(b)

Figure 3-1
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company

Biological functions of p

roteins



2. Amino acids: building
blocks of proteins

* Proteins are heteropolymers of a-amino acids

« AmiIno acids varies In size, shape, charge,
hydrogen-bonding capacity, hydrophobic
character, and chemical reactivity

« Amino acids have properties that are well suited
to carry out a variety of biological functions:

— capacity to polymerize

— useful acid-base properties

— varied physical properties

— varied chemical functionality
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General structure of an amino acid



General structure of an amino acid



MRZCITEEN Propertes and Comentions Asocated with the Comman Amino dds Found nProtens |
* * * * * pK, values

Abbreviation/ pK, pK, PKy Hydropathy Occurrencein
Amino acid symbol M* (—COOH) (—NH,") (R group) pl index! proteins (%)*
Nonpolar, aliphatic
R groups
Glycine Gly G 75 234 9.60 5.97 -0.4 7.2
Alanine AlaA 89 2.34 9.69 6.01 1.8 7.8
Proline ProP 115 1.99 10.96 6.48 1.6 5.2
Valine ValVv 117 2.32 9.62 5.97 42 6.6
Leucine Leul 131 2.36 9.60 5.98 3.8 9.1
Isoleucine llel 131 2.36 9.68 6.02 4.5 53
Methionine Met M 149 2.28 9.21 5.74 1.9 23
Aromatic
R groups
Phenylalanine PheF 165 1.83 9.13 5.48 2.8 3.9
Tyrosine TyrY 181 2.20 92.11 10.07 5.66 -1.3 3.2
Tryptophan  TrpW 204 2.38 9.39 5.89 -0.9 1.4
Polar, uncharged
R groups
Serine SerS 105 221 9.15 5.68 -0.8 6.8
Threonine ThrT 119 2.1 9.62 5.87 -0.7 5.9
Cysteine® CysC 121 1.96 10.28 8.18 5.07 2.5 1.9
Asparagine AsnN 132 2.02 8.80 5.41 —3.5 43
Glutamine GInQ 146 217 9.13 5.65 -3.5 4.2
Positively charged
R groups
Lysine LysK 146 2.18 8.95 10.53 9.74 -39 5.9
Histidine His H 155 1.82 9.17 6.00 7.59 —-3.2 23
Arginine ArgR 174 2.17 9.04 1248 10.76 —4.5 5.1
Negatively charged
R groups
Aspartate AspD 133 1.88 9.60 3.65 2.77 —3.5 53
Glutamate GluE 147 2.19 9.67 4.25 3.22 —3.5 6.3

*M, values reflect the structures as shown in Figure 3-5.The elements of water (M, 18) are deleted when the amino acid is incorporated into a polypeptide.

tAscale comblnmg hydrophobicity and hydrophilicity of R groups.The values reflect the free energy (AG) of transfer of the amino acid side chain from a hydrophobic solvent to water. This transfer is favorable (AG <
0; negative value in the index) for charged or polar amino acid side chains, and unfavorable (AG > 0; positive value in the index) for amino acids with nonpolar or more hydrophobic side chains. See Chapter 11.From
Kyte, J. & Doolittle, R.F.(1982) A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.

$Average occurrence in more than 1,150 proteins. From Doolittle, R.F.(1989) Redundancies in protein sequences. In Prediction of Protein Structure and the Principles of Protein Conformation (Fasman, G.D., ed.), pp.
599-623, Plenum Press, New York.

§(ysteine is generally classified as polar despite having a positive hydropathy index. This reflects the ability of the sulfhydryl group to act as a weak acid and to form a weak hydrogen bond with oxygen or nitrogen.
Table 3-1
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AmIno acids: atom naming

* Organic nomenclature: start from
one end

« Biochemical designation: start from
o.-carbon and go down the R-group

€ o Y B o'h
6 5 4 3 2 1

ICHZ - CHZ - CHZ - CHZ - ICH — CO0~
+NH, +NH,

Lysine

Unnumbered 3 p74
Lehninger Principles of Biochemis




Most a.-amino acids are chiral

 The a-carbon has four substituents and Is
tetrahedral (except glycine)

 All (except proline) have an acidic carboxyl
group, a basic amino group, and an alpha
hydrogen connected to the a-carbon

« Each amino acid has a unigue fourth
substituent R group

* In glycine, the fourth substituent is also
hydrogen



CO0~

L NH,
CH, ] ]
(a) L-Alanine D-Alanine The amino a.CldS
- wo- N proteinsare
HN—C —H n—c—wn,  exclusively L
CH, CH, ]
(b) L-Alanine p-Alanine Ste reoIsomers.
?OO_ CoO0 ™
H3ItI—C—H H—C—ﬁH3
CIH3 (I:H3
(c) L-Alanine p-Alanine

Figure 3-3
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Stereoisomerism In o-amino acids



Amino acids: classification

Common amino acids can be classified into
five main groups depending on their R groups:

 Nonpolar, aliphatic (7)
« Aromatic (3)

« Polar, uncharged (5)

» Positively charged (3)
» Negatively charged (2)



Nonpolar, aliphatic R groups

Nonpolar, aliphatic R groups Hyd rOphOb | C
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Aromatic R groups
Aromatic R groups Hydrophobic

COO0™ COO0™ COoO0™
+ o +
HN—C—H  H;N—C—H  H,N—C—H
CH, CH, CH,
r 7 C=C\H
| | NH&€—

X N e
2 Re

Phenylalanine Tyrosine Tryptophan

These amino acid side chains absorb UV light
at 2/0-280 nm
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Figure 3-6
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Absorption of ultraviolet light by aromatic amino acids



Positively charged (basic) R groups

Positively charged R groups Hydrophilic

CO0™ CO0~ CO0~

+ + + |

H3N—CI —H H3N—(II —H H3N—CI—H
.
?Hz c||-|2 C—NH <—
CH, CH, ” "
I I C—N
CIHz |\||H H
+
+N H3b CI=NH2 €<
NH,
Lysine Arginine Histidine

Figure 3-5 part 4
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Negatively charged (acidic) R groups

Negatively charged R groups

Hydrophilic
COO COO
v v
(IZHz (IZHZ
CO0~ <— c||-|2
COO0 <

Aspartate  Glutamate

Figure 3-5 part 5
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Polar, uncharged R groups

Polar, uncharged Rgroups Hydrophilic

c|00' c|00’ coo~
H,N—C—H H3ﬁ—c|:—|-| H3ﬁ—c|—|-|
Chz0H He G G2 Cysteine can form
(|ZH s|>|-|<—
, ' disulfide bonds
Serine Threonine Cysteine
?00' coo~

H;N—CI—H H3N—CI—H

?Hz ?Hz
C CH

7N e
H,N” O C
7N\

H,N O

Asparagine Glutamine

Fg 35p t3
Bi h mistry, Fifth Editiol

These amlno ac:|ds side chains can form
hydrogen bonds.



Asn and Gln are the amides
of Asp and Glu

COO~ COO~
HgI:J—(ll—H Hal‘:l—{lJ—H
(lJHz '(|_.:H2
(lJOO_ (1JH2
(1300_
Aspartate Glutamate
COO~ COO~
Haﬁ—é—H H;;I:I—{|3—H
IT:JH;; (%:Hz
—> BN "o EHE

N
—— S HN 0

Asparagine Glutamine



COO0~ COO0~

+ +
H.N — CH H.N — CH
Cysteine : :
y CH, oxidation  CH,
2H" + 2e~
SH S
j = Cystine
SH \ S
2H" + 2e”
, CH, reduction  cH,
Cysteine i -
CH — NH; CH —NH;
COO~ COO~

Figure 3-7
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Reversible formation of a disulfide bond
by the oxidation of two molecules of cysteine
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Figure 3-24
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Amino acid sequence of bovine insulin
The two polypeptide chains of insulin
are joined by disulfide cross-linkages.



Uncommon amino aclds
IN proteins
» Not incorporated by ribosomes

 Derived from common amino acids
by post-translational modification

« Reversible modifications, for example,
phosphorylation, are important in
regulation and signaling
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Reversible amino acid modifications
Involved In regulation of protein activity
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L
H3N _C HZ_CHZ _CHZ _CI H —COO -
TNH,
Ornithine
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Figure 3-8c¢
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Ornithine and citrulline, not found In proteins, are intermediates
In the biosynthesis of arginine and in the urea cycle.



lonization of amino acids

The carboxyl, the amino and the R groups of
some amino acids function as weak acids and
bases

At acidic pH, the carboxyl group Is protonated
and the amino acid is in the cationic form

At neutral pH, the carboxyl group is
deprotonated but the amino group is protonated.
The net charge Is zero; such ions are called
ZWitterions

At alkaline pH, the amino group is neutral (—-NH,)
and the amino acid Is In the anionic form



H H

| | Dipolar ions,
A T "=0~7=° | predominates
H:N OH H:N™ 0™ I at neutral pH
Nonionic form Zwitterionic form
(FPEST89)
] *.'
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Figure 3-9
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Nonionic and zwitterionic forms of amino acids
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Both the amino and the carboxyl group of
an amino acid can yield protons --- diprotic



R R

R

H H

tHzN COOH 3N COO~ \ H,N COO~
c
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<

= Both groups

Y / protonated

S

O

I | I | | |
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pH

lonization state as a function of pH

The ionization state of amino acids is altered by a change in pH.
The zwitterionic form predominates near physiological pH.



NH, NH, NH,

| PK, | pPK, |

CIHz et CIHz —— CH;

COOH CO0~ COO0~
13

T~

] ! Two regions of
a | buffering power
_—
0
0 0.5 1 1.5 2
OH~ (equivalents)
Figure 3-10

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company

Titration curve of glycine



AMmIno acids can act as buffers

« Amino acids with uncharged side-chains,
such as glycine, have two pK, values

» The pK, of the a-carboxyl group of
glycine is 2.34

» The pK, of the a-amino group of glycine
1S 9.6

» Glycine can act as a buffer in two pH
regions.



\
Methyl-substituted H+
carboxyl and | 1‘
amino groups “ CH; — COOH CH; —CO0™ CH; NH3 VT CH;—NH,
|
Acetic aad Methylamme
The normal pK, f ra The normal pK, for an
carboxyl group is about 4.8. amino group is about 10 6.
Carboxyl and NH ‘ H+ ﬁH3 HH NH,
amino groups Z I Z‘ } |
in glycine H— C COOH H—C—COO0™ = H—C—COp~
| e
H H H| H
m———p  «-Amino acid (glycine) m——p | -Amino acid kglycine)
pK|=2.34 pK, = 9.60
Repulsion between the amino Electronegative oxygen atoms
group and the departing proton in the carboxyl group pull electrons
lowers the pK for the carboxyl away from the amino group,
group, and opposntely charged lowering its pK,.
groups lowe ‘the pK, by stabi-
lizing th{ zwitterion. :

Figure 3-11
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

Effect of the chemical environment on pK,

o.-carboxyl group is much more acidic than in carboxylic acids,
whereas a-amino group is slightly less basic than in amines.



AmIno aclids carry a net

charge of zero at a specific pH

Zwitterions predominate at pH values
between the pK, values of the amino and the
carboxyl group

For amino acid without 1onizable side chains,

the Isoelectric Point (pl, Isoelectric pH) iIs
PK; + pPK,

pl =——

At this point, the net charge Is zero

Amino acid Is least soluble In water

Amino acid does not migrate in electric field




lonizable side chains can
show up In titration curves

e lonizable side chains can be also titrated

e Titration curves with 1onizable side
chains are more complex

» pK, values are discernable if two pK,
values are more than two pH units apart

» The pK, of the R group Is designated as
PKR
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Titration curve of glutamate
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Titration curve of histidine



How to calculate the pl
when the side-chain iIs 1onizable?

» ldentify species that carries a net zero
charge

» ldentify pK, value that defines the acid
strength of this zwitterion

* ldentify pK, value that defines the base
strength of this zwitterion

 Take the average of these two pK,
values



3. Formation of peptides

Peptides: condensation products of amino acids

Peptide bond: linkage between a.-carboxyl group
of one amino acid to a-amino group of the other
amino acid

Polypeptide chain: a series of amino acid residues
joined by peptide bonds

Residue: each amino acid unit in a polypeptide

The linking of two amino acids Is accompanied by
the loss of a molecule of water

Equilibrium of the reaction favors hydrolysis, but
peptide bonds are stable kinetically
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Figure 3-13
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Formation of a peptide bond by condensation

The formation of a peptide bond is one of the examples
of monomers joining to form polymers through
condensation reactions.
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Figure 3-14
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Peptides are named beginning with the
amino-terminal residue, which by convention
IS placed on the left.



The one-letter code
and three-letter code

« Naming starts from the N-terminus
« Sequence Is written as: Ser-Gly-Tyr-Ala-Leu
« Sometimes the one-letter code iIs used: SGYAL

CH, CH
/
I
ot W L g
+
N—C——C—N—C—C—N—C—C—N—C—C—N—C—CO0O0™
| Il | |l | ® I
H (0] H O H O H O H
Amino- Carboxyl-
terminal end

terminal end



NH,
Ala CH—CH, This tetrapeptide has one free
i o.-amino group, one free o.-
o carboxyl group, and two
NH lonizable R groups. The
Glu CH—CH.—CH. —coo~ droups lonized at pH 7.0 are
2 2 -
In red.
O0=C
NH
Gly CH,
0=C
NH
Lys CH_CHz_CHz_CHz_CHz—ﬁHz},

CO0™

Figure 3-15
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Molecular weight of a protein

« Dalton (D): a unit of mass
nearly equal to that of a
hydrogen atom

* The mean molecular weight
of an amino acid residue In a
protein iIs about 110 dalton,
l.e., 0.11 kD John Dalton




Peptides: a variety of functions

« Hormones and pheromones
—Insulin
— oxytocin (9 amino acids)
— Sex-peptide
* Neuropeptides
— substance P (pain mediator)
« Antibiotics
— polymyxin B (for Gram - bacteria)
— bacitracin (for Gram + bacteria)
 Protection, e.g. toxins
—amanitin (mushrooms)
— conotoxin (cone snails)
— chlorotoxin (scorpions)



4. Proteins are polypeptides

Proteins differ in a vast range of sizes, compositions
and biological activities

Some proteins contain chemical groups other than
amino acids --- conjugated proteins

Cofactor Is a general term for functional non-amino
acid component --- metal ions or organic molecules

Coenzyme Is used to designate an organic cofactors
--- NAD™* In lactate dehydrogenase

Prosthetic groups are covalently attached cofactors
--- Heme in myoglobin



Molecular Number of Number of
weight residues polypeptide chains
Cytochrome ¢ (human) 13,000 104 1
Ribonuclease A (bovine pancreas) 13,700 124 1
Lysozyme (chicken egg white) 13,930 129 1
Myoglobin (equine heart) 16,890 153 1
Chymotrypsin (bovine pancreas) 21,600 241 3
Chymotrypsinogen (bovine) 22,000 245 1
Hemoglobin (human) 64,500 574 4
Serum albumin (human) 68,500 609 1
Hexokinase (yeast) 102,000 972 2
RNA polymerase (E. coli) 450,000 4,158 5
Apolipoprotein B (human) 513,000 4,536 1
Glutamine synthetase (E. coli) 619,000 5,628 12
—> Titin (human) 2,993,000 26,926 1

Table 3-2
Lehninger Principles of Biochemistry, Fifth Edition
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Number of residues
per molecule of protein*

Amino Bovine Bovine
add cytochrome ¢ chymotrypsinogen
Ala 6 22
Arg 2 4
Asn 5 15
Asp 3 8
Cys 2 10
GIn 3 10
Glu 9 5
Gly 14 23
His 3 2
lle 6 10
Leu 6 19
Lys 18 14
Met 2 2
Phe 4 6
Pro 4 9
Ser 1 28
Thr 8 23
Trp 1 8
Tyr 4 4
Val 3 23
Total 104 245

*In some common analyses, such as acid hydrolysis, Asp and Asn are not readily distinguished from each
other and are together designated Asx (or B). Similarly, when Glu and GlIn cannot be distinguished, they
are together designated Glx (or Z).In addition, Trp is destroyed by acid hydrolysis. Additional proce-
dures must be employed to obtain an accurate assessment of complete amino acid content.

Table 3-3
Lehninger Principles of Biochemistry, Fifth Edition
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Class ———> Prosthetic Example

group
Lipoproteins Lipids B,-Lipoprotein of blood
Glycoproteins Carbohydrates Immunoglobulin G
Phosphoproteins Phosphate groups Casein of milk
Hemoproteins Heme (iron porphyrin) Hemoglobin

Flavoproteins
Metalloproteins

Flavin nucleotides
Iron

Zinc

Calcium
Molybdenum
Copper

Succinate dehydrogenase
Ferritin

Alcohol dehydrogenase
Calmodulin
Dinitrogenase
Plastocyanin

Table 3-4
Lehninger Principles of Biochemistry, Fifth Edition
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What to learn about a protein?

What is its sequence and composition?
What is Its three-dimensional structure?
How does It find its native fold?

How does it achieve its biochemical role?
How Is Its function regulated?

How does It interacts with other
macromolecules?

How Is It related to other proteins?
Where is it localized within the cell?



5. Working with proteins

Major steps in purifying an
Intracellular protein:
1. Disrupt cell membrane to obtain
homogenate --- crude extract
2. Fractionate the mixture by centrifugation
3. Collect each fraction for assay
4. Apply further techniques to enrich the
protein



(a) Differential
centrifugation

Tissue
homogenization

Low-speed centrifugation
(1,000 g, 10 min)
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B (O

Tissue A centrifugation
homogenate :ﬂ,“S}u | (80,0009, 1h)
Pellet E‘ﬁ“ 2 ?: '.':. 1 Supernatant subjected
contains 0,1 () tovery high-speed
whole cells, O D centrifugation
nuclei, k. %4 (150,000, 3 h)
cytoskeletons, Al X
plasma membranes . ‘| T
Pellet\'/ .-l
contains -
l'.‘.Iitm:ho"dria' . .°°.; : Supernatant
sosomes, s &
p:roxisomes % contalis
Pellet soluble
contains proteins
microsomes
(fragments of ER), J

small vesicles Gt/ Pellet contains
ribosomes, large
macromolecules
Figure 1-8
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A mixture of proteins

can be separated
« Separation relies on differences Iin
physicochemical properties
— Charge
— Size
— Affinity for a ligand
— Solubility
— Hydrophobicity
— Thermal stability
« Chromatography is commonly used
for preparative separation



Techniques used In protein purification

 Salting out
 Dialysis
« Chromatography
— Size-exclusion chromatography
— lon-exchange chromatography
— Affinity chromatography
— High-performance liquid chromatography



Salting-out

* The solubility of proteins is generally
lowered at high salt concentration

* The addition of certain salts in the right
amounts can selectively precipitate some
proteins, while others remain in solution

« Ammonium sulfate (NH,),SO, Is commonly
chosen as the salt for ‘salting-out’: high
concentration can be achieved; does not
usually denature proteins; it’s reversible;
not expensive.



Dialysis

Dialysis bag _|

Concentrated _
solution

Buffer —

At start of dialysis At equilibrium

Protein molecules (red) are retained within the dialysis bag,
whereas small molecules (blue) diffuse into the medium.



Time

Column
chromatography
allows separation
of a mixture of
proteins over a
solid phase (porous

BTdkug matrix) using a
Effluent-c quUId phase tO

mobilize the
proteins.

Protein sample
(mobile phase)

Solid porous matrix
(stationary phase)

Porous support

Fraction
collector

Figure 3-16
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Column chromatography



Separation by charge

Protein mixture is added
to column containing
cation exchangers.

© Large net positive charge
O Net positive charge

O Net negative charge

O Large net negative charge

Protein =

Proteins move through
the column at rates
determined by their
net charge at the pH
being used. With cation
exchangers, proteins
with a more negative
net charge move faster
and elute earlier.

== Polymer beads with negatively
charged functional groups

S Y lon-exchange chromatography
ﬁﬁ@@ exploits differences the sign
5 and magnitude of the net electric

123456

oy omexchangechromatogrphy - charges of proteins at a given pH

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



lon-exchange chromatography matrix

CM-cellulose: negatively charged
DEAE-cellulose: positively charged

Cellulose
or
agarose

Carboxymethyl
(CM) group
(ionized form)

Cellulose
or
agarose

Diethylaminoethyl
(DEAE) group
(protonated form)



Separation by size

Protein mixture is

added to column

K containing cross-
° ¢ | linked polymer.

Protein molecules
separate by size;
larger molecules
pass more freely,
appearing in the
earlier fractions.

: Size-exclusion chromatography,
123456 also called gel filtration, separates

Size-exclusion chromatography

proteins according to size.

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company




Separation by affinity

Solution of ligand is
added to column.

Protein mixture is
added to column e o

containing a polymer- . : 0 ® :
bound ligand specific | o o o: o
for protein of interest. S

© Protein of (
interest

== =lululalulalu BEEBEEEERA

oRR0 L Ll
J G Lé) 6 (WA AWAWLW, AW ‘@ j WAL AW
123456789 123456789

Unwanted proteins are Protein of interest is eluted

washed through column. by ligand solution.

Affinity chromatography
Figure 3-17¢

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Affinity chromatography separates proteins by
their binding specificities



High-performance liquid
chromatography (HPLC)

 HPLC makes use of high-pressure pumps
that speed up the movement of protein
molecules down the column

* The column Is made of higher-quality,

greater-resolving power chromatographic
materials that can withstand the high
pressure



Major methods In
purifying a protein****=*

Method
Salting out
Dialysis

Size-exclusion
chromatography

lon-exchange
chromatography

Affinity chromatography

Principle
Solubility

Size
Size
Charge

Binding affinity



How to detect and quantify
the protein being purified?

« An assay needs to be designed based
on the unigque properties of the
protein

* The more specific the assay, the more
effective the purification

* The key point of purification Is to
maximize the specific activity



O\ zo
~ -
-
\\ -
/O

r Lactate O.. .
dehydrogenase T
HO ‘ H + NAD* < = + H*

CHs O CHsx
Lactate Pyruvate
19 Oxidized

0.8 (NAD™)
0.6
Reduced

0.4 (NADH)

Absorbance

0.2

220 240 260 280 300 320 340 360 380
Wavelength (nm)

The production of NADH during an enzyme-catalyzed
reaction can be conveniently followed by observing the
appearance of the absorbance at 340 nm.



Design an assay for lactate dehydrogenase

Production of
NADH, increase

IN absorbance at
340 nm




Specific activity describes the purity

of the protein of interest

Proteins in a complex mixture often require more than
one purification to completely isolate the protein of
Interest.

During purification, determination of the location of the
protein of interest can be performed by tracking its
behavior.

If a protein has a specific function (e.g., binding insulin),
the fraction that binds insulin best after each purification
step will contain the most of the protein of interest.

The function of the protein is called the “activity.”

The ratio of activity to total protein concentration is
called the “specific activity.”



Activity versus specific activity

Activity: the total units of enzyme in a solution
Specific activity = enzyme activity/amount of protein



Spectroscopic detection of proteins

The aromatic amino acids absorb light in the
UV region

Proteins typically have UV absorbance
maxima around 275-280 nm

Tryptophan and tyrosine are the strongest
chromophores

Concentration can be determined by UV-
visible spectrophotometry



Fraction volume Total protein Activity Specificactivity
Procedure or step (mL) (mg) (units) (units/mg)

1. Crude cellular extract 1,400 10,000 100,000 10
2. Precipitation with ammonium sulfate 280 3,000 96,000 32
3. lon-exchange chromatography 20 400 80,000 200
4, Size-exclusion chromatography 80 100 60,000 600
5. Affinity chromatography 6 3 45,000 15,000

Note: All data represent the status of the sample after the designated procedure has been carried out. Activity and specific activity are
defined on page 91.
Table 3-5

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Electrophoresis for protein
separation and analysis

Separation in analytical scale iIs commonly
done by electrophoresis

— Electric field pulls proteins according to
their charge

— Gel matrix hinders mobility of proteins
according to their size and shape

Proteins can be visualized as well as
separated by electrophoresis

« Used to determine pl and MW



SDS-PAGE

(SDS-polyacrylamide gel electrophoresis )

« SDS binds to most proteins in amounts roughly
proportional to the MW of the protein
(1 SDS: 2 amino acids)

« SDS disrupts nearly all noncovalent interactions
In native proteins and unfold the proteins

« SDS gives all proteins an uniformly negative
charge (similar charge-to-mass ratio)

— The native shape of proteins does not matter

— Rate of movement will only depend on size:
small proteins will move faster



O

|
Na" O —ﬁ—O—(CH2)11CH3
O

Sodium dodecyl sulfate
(SDS)



@%y Well
\ \ Direction

weeSUUULUY | of
migration
Figure 3-18a
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Homogenate Salt lon exchange Molecular Affinity
fractionation chromatography exclusion  chromatography
chromatography

e | w2 ) 3 w4 mmm S

The purification scheme was analyzed by SDS-PAGE. Each
lane contained 50 pg of sample. The effectiveness of the
purification can be seen as the band for the protein of interest
becomes more prominent relative to other bands.



Mr
standards

97,400 -

66,200 -
45,000 -

31,000 -

21,500 -

14,400 -

Figure 3-18b
Lehninger Principles of Biochemistry, Fifth Edition
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Purification of the RecA protein of Escherichia coli



©

]

[

Myosin 200,000

B-Galactosidase 116,250
Glycogen phosphorylase b 97,400

Bovine serum albumin 66,200

Ovalbumin 45,000

Unknown
protein

)

Carbonic anhydrase 31,000

Soybean trypsin inhibitor 21,500
Lysozyme 14,400

logM,

@

M, Unknown
(a) standards protein

Figure 3-19
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

(b) Relative migration

Estimating the molecular weight of a protein



Protein pl

Pepsin <1.0
Egg albumin 4.6
Serum albumin 4.9
Urease 5.0
B-Lactoglobulin 5.2
Hemoglobin 6.8
Myoglobin 7.0
Chymotrypsinogen 9.5
Cytochrome ¢ 10.7
Lysozyme 11.0

Table 3-6
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company



A protein sample may be applied to one end of a gel

strip with an immobilized pH gradient. Or, a protein

samplein

a solution of ampholytes may be used to rehydrate a
dehydrated gel strip.

1

An electric field is applied

© ®
' ’ - . Y
pH9 Decreasing pl > pH 3

After staining, proteins are shown to be distributed
along pH gradient according to their pl values.

Figure 3-20
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Isoelectric focusing separates proteins according to
their isoelectric points (pl)



Protein sample

Separate proteins in first
dimension on gel strip
with isoelectric focusing. (

Gel strip | pH9 > pH3 |

Separate proteins in
second dimension on <
v SDS-polyacrylamide gel.

By Two-dimensional
o electrophoresis:
Beselarl— combine isoelectric focusing

Lehninger Principles of Biochemistry, Sixth Edition

and electrophoresis

/N
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Unnumbered 3 p94
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Frederick Sanger (developed FDNB)



I 1-f|uoro-2 4-dinitrobenzene I

Polypeptide NO,
9
Sanger’s
FDNB
method
NH NH
_ CIH 6m HCl o o :::ieno Identify amino-terminal
q (a) | i _ acids  Fesidue of polypeptide.
C|=O Cco0
2,4-Dinitro- HN 2,4-Dinitrophenyl
phenyl —CIH derivative
derivative [ of amino-terminal
of polypeptide C=0 residue
phenylisothio- N; H |
“ cyanate | hllH
C - | C N
\L.' ﬁ-l Ir: s SN SmC ™ \? =0 Identify amino-terminal
> (b) 2, W JR'—CH S0 \c _cﬁ L H,L CH residue; purify and recycle
,”" "OH \’(I: - 0// i I, remaining peptide fragment
E d m an | [ B through Edman process.
I C;NH2 Anilinothiazolinone Phenylthiohydantoin
- : .. derivative of amino  derivative of amino
d d t R*—CH o S
eg ra. a IOn : I acid residue acid residue
C=
i E '?2 Ts
+
: HsN—C—C—N—C—C ~A Sh°:.t§"ed
[ PTC adduct HIl H HI peptide
| (o] (o]
Ae ¥

s . S S S W b S S S S S Y s -

Figure 3-25
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freemgn and Company

Steps In sequencing a polypeptide



O,N
CH;
N\
LD DD SO Do
CH,
SO.CI
FDNB Dansyl chloride Dabsyl chloride

Figure 3-26
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Reagents used to modify the a-amino group at the amino terminus



Edman degradation

1. Label the N-terminal amino acid by PTH
(phenylisothiocyanate)

2. Liberate the PTH-(N terminal) amino acid by
mild acid, leaving an intact peptide shortened by
one amino acid

3. Use chromatography to identify the labeled
amino acid

4. Repeat step 1-3

Edman degradation can only be used to sequence
peptides no longer than about 50 residues, because
the efficiency of each step in Edman degradation is
not 100% (e.g., 0.95°0=0.077).



6%

Pro|tein
i NH
Polypeptide : Phenylisothio- |
n cyanate S=C NIH
C N
I +,1:D /C\N s=c~ c=o0
S\ ; | 9 Low pH / Low pH | | Identify amino-
> R'—CH C —CH > HN CH terminal residue
/ . | // N | N
| o High pH \ c| =0 R’ R’ of polypeptide.
|
| Cﬁ—"f“z Anilinothiazolinone Phenylthiohydantoin
: —CH derivative of amino  derivative of amino
| c|_o acid residue acid residue
| =
I g R? R® Purify and recycle
: H3N+—c|—C—N —CI e Shor?ened remaining peptide
| Phenylthiocarbamyl H (") H H c") paptine E’:g'::":::::sgh
L derivative i B ’
N _ 7
Figure 3-27
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The protein sequencing chemistry devised by Pehr Edman



Improved sequencing method

1. Cleave the original protein at specific
amino acids into smaller peptides

2. Separate the peptides by chromatography
3. Sequence the small peptides

4. Order the peptides using information from
overlap peptides



TABLE 3-7

Reagent (biological source)* Cleavage points®

——> Trypsin (bovine pancreas) Lys, Arg (C)
Submaxillarus protease (mouse submaxillary gland) Arg (C)

——> Chymotrypsin (bovine pancreas) Phe, Trp, Tyr (C)
Staphylococcus aureus V8 protease (bacterium S. aureus) Asp, Glu (C)
Asp-N-protease (bacterium Pseudomonas fragi) Asp, Glu (N)

——> Pepsin (porcine stomach) Leu, Phe, Trp, Tyr (N)
Endoproteinase Lys C (bacterium Lysobacter enzymogenes) Lys (C)

——> Cyanogen bromide Met (C)

*All reagents except cyanogen bromide are proteases. All are available from commercial sources.

TResidues furnishing the primary recognition point for the protease or reagent; peptide bond cleavage occurs on either
the carbonyl (C) or the amino (N) side of the indicated amino acid residues.
Table 3-7

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Protein
Determine amino
terminus (react with

| é .
@j ‘
FDNB). Gly is at

. The procedures were

developed by Fred Sanger

content (by acid hydrol-
ysis). Select cleavage

to sequence insulin.
FDNB:1-fluoro-2,4-
povpertidss it dinitrobenzene

trypsin, for example).

sequence each polypeptide l

1. DCGGAHYLVLLAGPTIRSGTMR

2. AQGAFNPSCGVIQHAWIKMWILAAGTE
3. GGPVIATYEQDGGTSRYAPK

4. QGYASULAIEFTR

Determine order of polypeptides
in protein. Peptide 3 is at the
amino terminus. Peptide 2 is at
the carboxyl terminus (it does not
end in an amino acid residue that
defines a trypsin cleavage site).

Order others by overlaps with sequences of
peptides obtained by cleaving the protein
with a different reagent, such as cyanogen
bromide or chymotrypsin.

Figure 3-25

Lehninger Principles of Biochemistry, Sixth Edition
irect protein sequencing



Disulfide bond

1—1 (cystine) JJ

?HZSH NH o=cC
CHOH HCI—CHZ—S—S—CHz—CIH
CHOH <IZ= H'I‘
CH,SH

Dithiothreitol (DTT)

" | o
HCI—CHz—ﬁ—O— _O—ﬁ—CHz—CIH HCl—CHz—SH HS—CHZ—(IZH
c=0 o o HN =0 HN

__)’J Cysteic acid

residues arboxymethylation
“ lm:

% =
H Cl—CHz —S—CH,—CO00~™ ~00C —CHz—S—CHz—CIH

HN

C=0
f'r Carboxymethylated
cysteine
residues
Figure 3-26

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

Breaking disulfide bonds in proteins



2u8 Procedure
Yy, hydrolyze; separate
amino acids

>

Polypeptide

react with FDNB;
hydrolyze; separate
\amino acids

reduce disuslfide
bonds (if present)

SH
H/S \

cleave with trypsin;
separate fragments;
sequence by Edman
\_degradation

cleave with cyanogen
bromide; separate
fragments; sequence by
kEdman degradation

~

OO @®E®®

Result
A 5 H 2 R 1
C 2 I 3 S 2
D 4 K 2 T 1
E 2 L 2 V 1
F 1 M 2 Y 2
G 3 P 3

2,4-Dinitrophenylglutamate
detected

GASMALIK
EGAAYHDFEPIDPR
DCVHSD

YLIACGPMTK

TKDCVHSD

ALIKYLIACGPM

EGAAYHDFEPIDPRGASM

Conclusion

Polypeptide has 38 amino acid
residues. Trypsin will cleave three
times (at one R (Arg) and two K (Lys))
to give four fragments. Cyanogen
bromide will cleave at two M (Met)
to give three fragments.

E (Glu) is amino-
terminal residue.

placed at amino
terminus because it
begins with E (Glu).

placed at carboxyl

terminus because it
does not end with
R (Arg) or K(Lys).

overlaps with

(F-1)and (T-4)

them to be ordered.

, allowing

establish @ @ ‘ @
sequence
Amm.o EGAAYHDFEPIDPRGASMALIKYLIACGPMTKDCVHSDI Carb?xyl
terminus | terminus
Figure 3-27 *****

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

Cleaving proteins and sequencing and ordering the peptide fragments



Amino acid
sequence (protein) GIn-Tyr-Pro-Thr -lle-Trp

DNA sequence (gene) CAGTATCCTACGATTTGG

Figure 3-28
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

Correspondence of DNA and amino acid sequences



Insoluble
Cl—CH, —@—O polystyrene
. bead
Amino acid 1 with

R'" O
a-amino group protected | I} 2l Attachment of carboxyl-termina
by Fmoc groug P Fmoc —I\II—CH—C—O @ amino acid to reactive
H

group on resin

Cl-
i
Fmoc —'f—CH—C—-O—-CHz—Q—O« ——————————————— =
Y
H
R? ﬁ
Fmoc —N—CH—C—0" Protecting group is removed
I @ by flushing with solution

H
D Amino acid 2 with
N=C=N protected a-amino 1

R (o]
(3 groupis activated Sl 1]
Dicyclohexylcarbodiimide at carboxyl group H;N—CH—C—O0—CH;
(DCQ) by DCC.

a-Amino group of amino
NH \ acid 1 attacks activated

| carboxyl group of amino acid
—O—ﬁ 2 to form peptide bond.
N

o]
k» <:>7N—g—n
AR
Dicyclohexylurea byproduct

containing a mild organic base.

Reactions @ to
repeated as necessary _/

2 o R' O
I | ]
H— —hII—CH—C—O—CHz
H

N—x

Fmoc —

? ‘

I-—-2

Completed peptide is

HE deprotected as in - -
© TS e emical synthesis
ester linkage between
peptide and resin.

GG .. o proceeds from the
i N C-terminus to
the N-terminus!
Chemical synthesis of a peptide on

an insoluble polymer support



O R'" O
| |

‘ |
’ CHz—o—c—lr—CH—c—o—

H

Amino acid
Fmoc residue

iples of Biochemistry, Fifth Edition
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The 9-fluorenylmethoxycarbonyl (Fmoc) group
prevents unwanted reactions at the a-amino
group of the residue



Overall yield of final
peptide (%) when the
S O yield of each step is:
Number of residues in
the final polypeptide 96.0% 99.8%
11 64 98
21 42 96
31 28 94
51 12 90

>100 1.7 82

Table 3-8
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company



AmIno acid sequences provide

Important biochemical information

Knowledge of the amino acid sequence of a
protein offers insights into its structure, function,
cellular location, and evolution

Consensus sequence: a sequence consisting of the
residues that most commonly occur at each
position In a set of similar sequences

-Homologous proteins (homologs): proteins
naving similar sequences and functions

Paralogs: homologs present in the same species
Orthologs: homologs present in different species




A comparison of sequences from different
species reveals evolutionary relationship

l

Signature sequence

h Halobacterium halobium IGHVDHGKSTMVGRLLYETGSVPEHV[IEQH
Archaea Sulfolobus solfataricus IGHVDHGKSTLVGRLLMDRGFIDEKT|VKEA
Euk Saccharomyces cerevisiae IGHVDSGKSTTTGHLIYKCGGIDKRT|IEKF

ykaryotes Homo sapiens IGHVDSGKSTTTGHLIYKCGGIDKRT|IEKF
Gram-positive bacterium Bacillus subtilis IGHVDHGKSTMVGR TTTY
Gram-negative bacterium Escherichiacoli IGHVDHGKTTLTAA ITTV

Figure 3-31
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

A signature sequence in the EF-1a /EF-Tu protein family



E.coli TGNRTIAVYDLGGGTFDISIIEIDEVDGEKTFEVLATNGDTHLGGEDFDSRLIHYL
B. subtilis DEDQTILLYDLGGGTFDVSILELGDG TFEVRSTAGDNRLGGDDFDQVIIDHL

I
Gap

Figure 3-30
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

Aligning protein sequences with the use of gaps

Useful website: www.ncbi.nlm.nih.gov



Protein sequences as clues to
evolutionary relationships

« Sequences of proteins with identical functions
from a wide range of species can be aligned
and analyzed for differences.

 Differences indicate evolutionary divergences.

 Analysis of multiple protein families can
Indicate evolutionary relationships between
organisms, ultimately the history of life on
Earth.



. Chlamydia trachomatis
Chlamydia Chlamydia psittaci

Bacteroides L Porphyromonas gingivali:

8/e CHelicobacter pylori

Legionella pneumophila
Pseudomonas aeruginosa

Yersinia enterocolitica
Salmonella typhi
L Escherichia coli

B L Neisseria gonorrhoede

[ Rickettsia
tsutsugamushi

Proteobacteria

Bradyrhizobium japonicum

Agrobacterium tumefaciens

|
0.1 substitutions/site

Figure 3-32
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\‘/

= = Zymomonas mobilis

Borrelia burgdorferi

Leptospira interrogans

:| Spirochaetes

Thermophilic bacterium PS-3

Bacillus subtilis low
Staphylococcus aureus
G+ C

Clostridium acetobutylicum

———— Clostridium perfringens

Streptomyces coelicolor]
high

Mycobacterium leprae G+C
Mycobacterium tuberculosis

Streptomyces albus [gene] - _

Gram-positive bacteria

Cyanidium caldarium chl.

Synechocystis Cyanobacteria and

Ricinus communis chl. chloroplasts

Triticum aestivum chl.
Brassica napus chl.
Arabidopsis thaliana chl. =

Evolutionary tree derived from amino acid sequence comparisons
The basis for this tree is the sequence divergence observed
In the GroEL family of proteins



Bt Eukaryotes

Plants Fungi

Slime
molds

Microsporidia

Entamoeba
Low G+C gram- Apicomplexa (e.g., Plasmodium)

High G+Cgram- positives

Bacteria positives Archaea Euglena
d/e purples Euryarchaeota Kinetoplasta (e.g., Trypanosoma)
Korarchaeota

Crenarchaeota
o purples

v/B purples
Spirochaetes
Fusobacteria
Flexibacter/Bacteroides

Cyanobacteria
Thermus

Parabasalia (e.g., Trichomonas)

~ Mitochondria Metamonda (e.g., Giardia)

Thermotogales

Aquifex

LUCA

Figure 3-36
Lehninger Principles of Biochemistry, Sixth Edition
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A consensus tree of life

This tree Is based on analyses of many different protein
sequences and additional genomic features



Keywords

amino acid
peptide
protein

o]



Words of the week

. Size

e charge

o solubility
o affinity



Summary

The amino acids in proteins are exclusively L
stereoisomers.

Amino acids can be classified into five main groups
on the basis of the polarity and charge (at pH7) of
their R groups.

Amino acids can be joined covalently through
peptide bonds to form peptides and proteins.

Proteins can be separated and purified on the basis
of differences in their physicochemical properties.

Purification of proteins can be monitored by
assaying specific activity.



